We have located and sequenced the murine homologue of the hst/k-FGF oncogene in genomic DNA clones that extend 3' from int-2 on mouse chromosome 7. The two genes are in the same transcnptional orientation, less than 20 kilobase pairs (kb) apart, and presumably evolved by tandem duplication of a common ancestral gene. RNase mapping and primer extension analyses indicated that the major 3.2 kb hst transcript expressed in undifferentiated embryonal carcinoma (EC) cell lines initiates at a unique cap site downstream from an obvious TATA-box. The 3' end of the transcript as identified in multiple cDNA clones occurs at an appropriate distance from a variant polyadenylation signal, ATTAAA. Translation of the major open reading frame would yield a 202 arnino acid protein that is 82% homologous to human HST but lacking 4 residues at the presumed signal peptide cleavage site.
INTRODUCTION
The dominantly acting oncogene hst, also known as hst-J, HSTF1, KS3 or fc-FGF, has been identified in DNA from several different human tumours as well as from some normal tissues (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The isolated gene is capable of transforming NTH3T3 cells when introduced by transfection, and the gene product, which shows significant homology to both acidic and basic fibroblast growth factor (aFGF and bFGF), is a potent mitogen for cultured fibroblasts and endothelial cells (3, 6, 7, (10) (11) (12) (13) (14) . We recently showed that the presumed mouse homologue of hst was activated by proviral insertion in several carcinomas induced by mouse mammary tumour virus (MMTV), and that the normal gene was expressed in certain embryonal carcinoma (EC) cell lines (15) . Significantly, mouse hst is adjacent (within 20 kb) to the int-2 gene, another FGF-related proto-oncogene that was originally identified by its proximity to integrated MMTV proviruses (15 -18) . It is therefore likely that the genes are derived from a common ancestor and have undergone tandem duplication at some stage in their evolution. Such a result might have been anticipated from the direct parallel that prevails in humans where the hst and int-2 genes have been localised to the same chromosomal band, 1 lq 13, and are co-amplified in a variety of human cancers (9, (19) (20) (21) (22) (23) (24) (25) (26) (27) . In this report, we confirm the identity, orientation and position of the mouse homologue of hst by determining the complete genomic sequence, and delineate the 5' and 3' ends of the gene as it is expressed in EC cells. The predicted product of the mouse gene is 82 % homologous to that of human hst, but lacks four amino acids at the presumed signal peptide cleavage site. This observation is discussed in relation to the processing, secretion and conservation of HST as compared to other FGF-family proteins.
MATERIALS AND METHODS
Recombinant DNA techniques : Methods used for DNA and RNA analyses, hybridisation conditions, and the screening of recombinant DNA libraries followed standard procedures and have been described elsewhere (16, 19, 28, 29) . Lambda DNA clones containing genomic DNA from the mouse int-2 locus have been previously reported (16, 28) . Specific restriction fragments from the XI clone (see Fig. 1 ) were subcloned into plasmid vectors carrying promoters for phage T7, T3 or SP6 RNA polymerase. RadiolabelJed probes were prepared by either in vitro transcription of linearised plasmids or by randomly primed DNA synthesis with isolated restriction fragments. One of the Mndin fragments, designated HH1 in Figure 1 , was used to screen a cosmid library prepared from partial SauiA-digested C57BL/6 DNA in the COS202 vector (30, prepared by Dimitrios Kioussis, National Institute for Medical Research). Out of the several independent cosmids isolated from the library, COS 16 was analysed in greatest detail since it encompassed both int-2 and hst sequences. The HH3 Hindlll fragment from COS 16 was transferred into the pT7T3 plasmid vector (Pharmacia). RNA from embryonal carcinoma cell lines : Cultures of F9 and PCC4 EC cells were maintained as previously described (29) . To induce differentiated characteristics and expression of the int-2 gene, cultures were treated with retinoic acid, dibutyryl cyclic AMP and methyl xanthine (29) . cDNA cloning from F9 cell RNA : Polyadenylated RNA was prepared from undifferentiated F9 cells as previously described (29) P-labelled probe corresponding to the HH1 fragment, and 18 positive phage plaques were purified. These were initially characterised by restriction enzyme digestion and by their ability to hybridise to a 0.4 kb HindUl-Xbal probe specific for the second exon of the hst gene. Selected clones were then analysed by DNA sequencing. RNase mapping and primer extension : RNase protection analyses were carried as previously described (29) using a uniformly labelled anti-sense RNA probe corresponding to the HH2 Hindlll fragment (Fig. 1) . Primer extension was performed using a 35-base synthetic oligonucleotide complementary to residues 165 -199 in the DNA sequence (Fig. 2) . After labelling the primer with T4 polynucleotide kinase and [7- 32 P]ATP (3000 Ci/mmol, Amersham International) and purifying it by acrylamide gel electrophoresis, the equivalent of ~ 10 5 cpm was mixed with 20 fig of total RNA in 10 fi\ of hybridisation buffer (lOmM PIPES/400mM NaCl) and heated to 85°C for 2 minutes. Hybridisation was allowed to proceed at 56°C overnight and the reaction mixture was then diluted with 90 fil of buffer containing 50mM Tris.HCl (pH 7.5), lOmM dithiothreitol, 6mM MgCl 2 , 25 mg/jtl actinomycin-D and 0.5mM each deoxynucleotide triphosphate. Ten units of reverse transcriptase were then added and the mixture incubated at 42 °C for 1 hour. After ethanol preciptation and a further wash in 80% ethanol, the labelled products were analysed on a 6% sequencing gel.
DNA sequencing : Selected restriction fragments from the XI and COS 16 genomic DNA clones, and from the various cDNAs, were transferred into M13mp vectors and sequences were determined by dideoxy chain termination procedures (31) . As well as using the M13 universal primer, a series of synthetic oligonucleotide primers were prepared based on sections of known sequence. In some cases, sequences were determined on double-stranded plasmid DNA using specific primers. DNA synthesis reactions were carried out using either Klenow DNA polymerase (Boehringer) or Sequenase™ (USB Corporation) with [ 35 S]dATP (Amersham International). Gel readings were compared and aligned using the GEL programme (version 5.3 from Intelligenetics) and all sequences were established on both strands.
RESULTS

Location of mouse hst relative to int-2.
In characterising the mouse int-2 locus, we isolated a series of overlapping lambda clones containing genomic DNA on either side of the transcription unit (16, 28) . One such clone, XI (see Fig. 1 ), extended the physical map of the region almost 20 kb downstream from the 3' end of the int-2 gene. Prompted by indications that there may be another cellular gene in the vicinity and the possibility that this gene might be the mouse homologue of hst, we showed that a genomic DNA probe for the second exon of human hst (7) crosshybridised to 11 DNA under moderately stringent conditions (15) . More specifically, the cross-reactivity was localised to the MndHI fragment designated HH1 (15, and Fig. 1 ).
int-2
K K E HE HH To ensure that the hybridisation was reflecting true homology, and to assess whether the gene was indeed hst rather than some other member of the FGF family, we determined the nucleotide sequence of HH1.
In comparing the HH1 sequence with that of human hst (6, 7), two blocks of homology were observed that corresponded to exon II and part of exon HI. However, it was apparent that neither HH1 nor XI was likely to include the 3' end of the gene. We therefore used HH1 as a probe to screen a cosmid library of thymocyte DNA from a C57BL/6 mouse (from Dimitrios Kioussis). Of several positive clones isolated, COS 16 was analysed in most detail since it evidently extended from around the 5' end of int-2 to at least 10 kb further downstream than XI (Fig. 1) . This permitted the isolation of the HH3 Hindlll fragment, which together with HH1 and HH2 formed the source of the DNA sequencing templates. Nucleotide sequence of mouse hst. The genomic sequence was determined for 3989 base pairs as described in Materials and Methods and depicted in Figure 2 . Direct comparison with human hst identified the protein coding domains of the gene, where the nucleotide sequence homology was about 80%. However, there were also many other short segments of equivalent homology, both in the introns and exons. The 3' untranslated region of the human hst gene was reported to contain an open reading frame (ORF2) for 154 amino acids, although there are no indications that it is functional (6). Despite punctate homology throughout the region (e.g. residues 2148-2246 are 86% homologous to part of ORF2), the open reading frame was not a conserved feature in mouse hst.
Delineation of the mouse hst transcription unit.
Since it was not possible to define the 5' and 3' limits of the transcription unit from simple sequence comparisons, a number of different strategies were used to characterise the 3.2 kb hst transcript present in the EC cell lines F9 and PCC4 (15, 18) . The first approach was to isolate cDNAs corresponding to polyadenylated RNA from undifferentiated F9 cells by priming with either oligo(dT) or random oligonucleotides. A XgtlO library of 8x 10 5 phage was screened with the HH1 genomic DNA probe and 18 positive clones were plaque purified and characterised by restriction enzyme digestion and blot hybridisation, and in some cases by DNA sequence analysis. At least three of the cDNAs examined in detail (clones 13, 9 and 16 in Fig. 1 ) initiated at the same poly(A) tract, located 23 base pairs from the variant polyadenylation signal, ATTAAA, at position 3929 in the genomic sequence (Fig. 2) . The longest of these (cDNA 13 in Fig. 1 ) was over 2.6 kb in length and contained the whole of exon m. However, the 5' end of this clone corresponded to presumed intron sequences and did not extend into exon II. Indeed, none of the cDNAs isolated from this library, whether primed randomly or with oligo-dT, appeared to cross a splice junction. The reason for such a preponderance of unspliced clones is unclear, although it could reflect the use of total as opposed cytoplasmic RNA as template. We have subsequently confirmed the intron-exon organisation of the gene by amplifying cDNAs with the polymerase chain reaction (32) using oligonucleotide primers predicted from the genomic sequence (R. Smith, unpublished results).
The second approach was to define the 5' end of the transcript by a combination of RNase mapping and primer extension techniques. A uniformly labelled antisense RNA probe was prepared by transcribing the HH2 fragment with SP6 polymerase. When annealed to total RNA from undifferentiated F9 or PCC4 cells, a fragment of ~ 450 nucleotides was rendered RNase resistant (Fig 3a) . No such fragment was detected with RNA from EC cells that had been induced to differentiate with retinoic acid and dibutyryl cyclic AMP,
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Figure3. Delineation of the 5' end of to RNA. (a) An RNase protection analysis is shown in which uniformly 32 P-labelled antisense RNA corresponding to the HH2 fragment ( Fig. 1 ) was annealed to total RNA from F9 or PCC4 cells as indicated, or from PCC4 cells that had been treated with retinoic acid and dibutyryl cyclic AMP (designated PCC4+). The size of the RNase resistant duplexes were assessed relative to DNA fragments of known length (pSP65 plasmid DNA digested with //infl, shown in track M) by electrophoresis in a 6% polyacrylamide sequencing gel. (b) A 35-base oligonucleotide complementary to residues 165-199 in the genomic sequence was labelled with [ 32 P] ATP and used to prime reverse transcription from undifferentiated F9 cell RNA RNA from 208F rat cells served as the negative control. The products were analysed on a 6% polyacrylamide sequencing gel and their sizes were estimated relative to a standardised DNA sequence ladder (M).
nor with other control RNAs (not shown). Assuming that the splice donor site at the 3' boundary of exon I had been correctly identified, this result placed the 5' end of the exon at around nucleotide 100 in the genomic sequence. Although consistent with initiation downstream from an obvious TATA-box (nucleotides 65-72 in Fig. 1 ), this technique only mapped discontinuity between the RNA and genomic DNA and did not distinguish between a cap site and a splice site. A 35-base synthetic oligonucleotide (complementary to nucleotides 165-199; see Fig. 2 ) was therefore end-labelled and used to prime reverse transcription of F9 cell RNA. As shown in Figure 3b , a major 103 nucleotide extension product was obtained, consistent with a unique cap site at nucleotide 97 in the genomic sequence, and exactly as predicted for transcription initiation downstream of the TATAbox. A similar result was obtained with RNA from PCC4 cells (not shown).
Predicted protein sequence of mouse HST.
Based on the DNA sequence and direct comparison with that of human hst, it was possible to predict the primary translation product of the mouse hst gene. As shown in Figure 4 , (Fig. 2) is shown in single letter code. Letters below the sequence indicate the positions at which the human HST protein (7) differs from that of the mouse. The dashed line depicts the presumed signal peptide at the amino terminus with the arrows identifying sites of proteolytic cleavage observed for human HST (13) .
the mouse protein would comprise 202 amino acids, compared to 206 in its human counterpart (6) . Surprisingly, the discrepancy involves a sequence motif (AAPT) that appears to form the signal peptide cleavage site for human HST (13) . However, in the absence of these 4 amino acids, a similar AAPN motif remains that may perform the same function for the mouse protein. Otherwise, the protein sequences can be directly aligned and show an overall homology of 82%. Although the amino acid changes are distributed throughout the entire sequence, it is noticeable that the amino terminal third is least well conserved. This corresponds to regions of the protein that are not shared by other members of the FGF family or are that are removed during processing (6, 11 -13, 17, 33, 34) . For example, the presumed signal peptides differ at 14 out of 29 residues. Several of these differences place charged amino acids in the otherwise hydrophobic leader of the mouse HST protein but would not necessarily affect its ability to act as a signal (35).
DISCUSSION
The characterisation of the mouse hst gene described here was undertaken for two reasons. First, it was important to confirm that the gene we had identified adjacent to int-2 and activated by MMTV (15) was the homologue of hst and not some other FGF-related gene. Although preliminary sequence analyses indicated a clear homology with human hst (~ 80%), this homology was localised in the second exon where conservation among distinct FGF-family members is highest (generally -60%) irrespective of species of origin (6, 11, 12, 17, 33, 34) . Since the different FGF-related proteins described thus far have variable lengths of primary translation product and differ markedly outside the sequences represented in mature bFGF, the complete characterisation of the genomic DNA around HH1 provides less ambiguous evidence that the gene in question is indeed mouse hst. Thus the predicted translation products of mouse and human hst can be precisely aligned, apart for the absence of four residues in the mouse protein. Allowing for conservative substitutions and the removal of presumed signal peptides, the mature proteins would share -90% homology (Fig. 4) . The second motive was to ascertain the exact position of hst exons within the genomic clones and their relationship to sites of proviral integration in MMTV-induced tumors. As defined by the DNA sequence and the mapping of the 5' and 3' ends of the major 3.2 kb RNA in EC cells, the organisation is as depicted in Figure 1 . Two features are immediately apparent. The first is that the mouse hst gene is in the same transcriptional orientation as int-2, with the two genes separated by only 17 kb (this compares with 35 kb for the human genes (25) ). The second is that the two genes show the architecture that is characteristic of all of the FGF-family described thus far, namely three coding exons of which the middle exon is only 104 nucleotides in length. This organisation is maintained despite considerable variations in gene length, ranging from 3.9 kb for mouse hst as reported here to over 30 kb in the case of human bFGF (11) .
The similarities in location, orientation and structure of hst and int-2, strongly imply that the two genes arose by tandem duplication of a common ancestral gene. It will therefore be interesting to determine whether similar duplications pertain for other pairs of FGFrelated genes. However, despite these clear evolutionary relationships, there are very obvious differences between the HST and INT-2 proteins. Human HST has a very distinct signal peptide that is cleaved during transport and processing of the molecule for export from the cell (6, 13, 14) . Although mouse HST lacks the 4 amino acid residues around the site of cleavage, it seems likely that it will be processed in a similar way at a reconstituted site. Interestingly, the absence of these residues means that the presumed asparagine-linked glycosylation site would be at or immediately adjacent to the amino terminus of the mature protein. With INT-2, on the other hand, the predicted signal peptide would be much shorter and the potential glycosylation site is in a very different position, more analogous to that observed in FGF-5 (17, 33) . These features may be important pointers to the common and specialised functions that the various FGF-like factors display, and considerable insights are likely to be gained from the similarities and differences in their primary sequences.
